Fluoridated hydroxyapatite (FHA) powders were fabricated by a solid-state reaction, and their dense bodies were obtained by sintering at 13501C. The biological performance of FHAs was evaluated and compared with that of pure hydroxyapatite (HA). The fluoridation of FHAs was confirmed by the changes in their lattice parameters. Human osteoblast-like cells attached and proliferated well on all of the FHAs, including pure FA. The proliferation and differentiation levels of the cells on FHAs were similar to those on pure HA. This finding suggests that the FHAs possess cell viability and activity comparable to pure HA, and thus are potentially applicable as hard tissue substitutes.
] ceramic has been widely used in tooth and bone implants due to its excellent biocompatibility. 1 The fluoridated HA [fluor-hydroxyapatite; FHA (Ca 10 (PO 4 ) 6 (OH) 2À2x F 2x )/fluorapatite; FA, (Ca 10 (PO 4 ) 6 F 2 )] has also gained much attention in the area of dental restoration. [2] [3] [4] The existence of a large amount of fluorine on the outer layer of the teeth enamel is known to protect the teeth from dental caries and to stimulate the crystallization and mineralization of the bones. 2, 3 As such, the partial incorporation of fluorine, in order to elicit its biological functions, is one of the main themes in dental restoration research. However, the fluorinerelated research so far has mostly been focused on the ionic effects produced by adding sodium fluoride within a cell culture medium.
Recently, attempts to incorporate fluorine in biomaterials have increased significantly. In most cases, fluorine was incorporated within glass and glass cement systems, in which fluorine ions were released in a controlled manner, so as to optimize their antibacterial effects. With regard to the fluoridated apatites, their fabrication method and physiochemical properties have previously been examined. [5] [6] [7] [8] [9] [10] However, there have been few reports on the biological performance of FHA and FA either in vitro or in vivo. Prior to the utilization of the fluoridated apatites as hard tissue replacements, their biological efficacy needs to be addressed. In this report, we produced the fluoridated hydroxyapatites in a dense body over the whole solid solution range (HA-FA), and their biological properties were evaluated by measuring the in vitro osteoblastic proliferation and differentiation.
II. Experimental Procedures
(1) Materials Fabrication FA powder was prepared by the reaction of TCP with CaF 2 (at a molar ratio of 3:1). 10 . The powders were sieved and pressed uniaxially in a metal mold, and then cold-pressed isostatically at 150 MPa for 5 min. The pellets were sintered at 13501C for 3 h at a heating rate of 51C/min in a box furnace. The sintered body with dimensions of 12 mm Â 2 mm (diameter Â thickness) was polished down to 1 mm. The phase and morphology of the specimens were characterized by X-ray diffraction (XRD) and scanning electron microscopy (SEM), respectively. The lattice parameters of the powders were calculated from the XRD patterns by using silicon (499.999%, Aldrich Chem. Co., Millwarkee, WI) as an internal standard. The average grain size of the sample was measured by means of the linear intercept method. 11 The porosity of the samples was estimated using the Archimedes method. The Vickers hardness and elastic modulus of the samples were measured by the indentation (at 1.96 N) and ultrasonic pulse methods, respectively.
(2) Biological Tests
The human osteosarcoma (HOS) cells were plated on each sample (12 mm Â 2 mm), and on a plastic cover slip (Thermanox, NUNC, IL) as a control, at a density of 3 Â 10 4 cells/mL, and incubated in humidified air containing 5% CO 2 at 371C. After culturing for 6 days, the cell layer was detached with trypsin-EDTA solution, and the cell number was counted using a hemocytometer (Superior, Lauda, Germany). The cell morphology was observed with SEM after culturing for 3 days, after fixing with glutaraldehyde, dehydrating with a graded series of ethanols and critical point drying.
Cell differentiation was assessed by measuring the alkaline phosphatase (ALP) activity. After culturing for 10 days, the cells were harvested, and disrupted by vortexing in Triton X-100 (0.1%) combined with cycles of freezing and thawing process. After centrifugation, the cell lysates were quantified with a protein assay kit (BioRad, Hercules, CA). The ALP activity was assayed by measuring the absorbance of the p-nitrophenol product at 410 nm. The cell tests were carried out on three (proliferation) and nine (differentiation) replicate samples, and the data were compared by performing a statistical analysis using ANOVA at a significance level of po0.05.
III. Results and Discussion
In the XRD patterns, all the apatite powders and their dense bodies showed only apatite peaks. 10 To confirm the formation of FHA and FA, the lattice parameters of the powders were calculated, as shown in Fig. 1 . As the fluorine content in the apatite increased, the a-axis decreased almost linearly while the c-axis changed very little, as reported in other fluoridated hydroxyapatite systems. [8] [9] [10] [11] [12] Moreover, the lattice parameters of HA and FA were nearly identical to the theoretical values (marked with ( ) for HA and (~) for FA, respectively). 12 These results indicate that the mixed HA and FA powders formed complete solid solutions via the thermal reaction.
The morphologies of the apatites, after the sintering of the powders at 13501C and their thermal etching at 12001C, are shown in Fig. 2 . All the samples were almost fully densified (porosityo2%). The grain size of the specimens increased with increasing fluorine content; the average grain sizes of the specimens were found to be 3.8 mm (HA), 4.6 mm (60FHA), and 9.1 mm (FA). With regard to the mechanical properties, the Vickers hardness and elastic modulus values of the fully densified apatite were found to be similar, regardless of the composition (hardness of B5.5-6.0 GPa and elastic modulus of B110-120 GPa).
The biological properties of the fluoridated hydroxyapatites were assessed by means of the initial attachment, proliferation and differentiation of human osteoblast-like HOS cells. The HOS cell has been used widely in the biological field because it is well established and exhibits the traits of an osteoblast to a high degree. 14 The SEM morphologies of the HOS cells on the 60FHA after culturing for 3 h and 3 days are shown in Figs. 3(A) and (B), respectively. The cells (area ''C'') attached well to the specimen (area ''S'') after culturing for 3 h (Fig. 3(A) ), and proliferated actively after 3 days (Fig. 3(B) ). The cell attachment and proliferation behaviors were similar in the case of the other apatite specimens.
The cell proliferation level was quantified using a hemocytometer after culturing for 6 days, and is shown in Fig. 4 . When compared with pure HA (control), the 40FHA and 60FHA samples had similar proliferation levels. However, FA showed a slightly lower level. Based on the similar cell attachment and proliferation behaviors of FHAs with respect to pure HA, the fluoridated apatites are considered to possess cell viability that is comparable to that of pure HA.
The cell differentiation level, which was assessed by measuring the ALP activity of the cells after culturing for 10 days, is shown in Fig. 5 . Since the osteogenic and osteoblast-like cells express ALP to a greater extent in the differentiation stage, the ALP activity is considered to be one of the most important osteoblast differentiation markers. The ALP expression of the cells on each sample showed quite a similar trend to that of the cell proliferation data. The ALP level of the cells on the fluoridated apatites was comparable to that on pure HA (control), without exhibiting any significant difference (when considered at po0.05).
Based on the in vitro biological data, i.e., the similar level of cell proliferation and ALP expression on the FHAs including FA with respect to pure HA, it is deduced that the osteoblastic cell viability and functional activity of the fluoridated apatites were quite comparable to those of pure HA. This observation supports the potential use of the fluoridated apatites, considering that HA has already proven its excellent biocompatibility both in vitro and in vivo. In practice, higher cellular responses might be expected on the FHAs, because of the fluorine effect, since the fluorine ion is known to enhance the cellular responses when administered within an appropriate range of concentrations (10
. 12 In the present study, the fluorine release from the FHAs was observed to be below the detection limit (o10
À7
) under the test conditions in vitro. As such, the cellular responses might not be affected significantly by the compositional difference and fluorine release. However, when considering the long-term use of the apatites in vivo, the fluorine effect might be elicited. This issue, which was raised by the in vitro tests, requires that a further in vivo animal study be conducted in order to confirm the biological feasibility of the FHAs.
Along with the specific biological effects of fluorine (i.e., preventing the formation of dental caries and enhancing the mineralization of bone apatites), the low solubility and high thermal stability of the fluoridated apatites mean that they can be utilized for hard tissue regeneratives, specifically in systems that require higher chemical stability and controlled solubility.
IV. Summary and Conclusions
Dense bodies of FHAs were fabricated by thermal reaction and sintering at 13501C. The osteoblast-like cells on the FHAs attached, proliferated, and differentiated at similar levels as compared with those on pure HA, indicating that their cell viability and functional activity were comparable to those of pure HA. This finding provides support for their potential utilization as hard tissue regeneratives. . No significant differences were observed for any of the FHAs including FA with respect to pure HA at po0.05.
